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METHODS AND APPARATUS FOR SENSING
THE INTERNAL TEMPERATURE OF AN
ELECTROCHEMICAL DEVICE

PRIORITY DATA

This non-provisional patent application claims priority to
U.S. Provisional Patent Application No. 61/834,933, filed

Jun. 14, 2013, and to U.S. Provisional Patent Application
No. 61/834,906, filed Jun. 14, 2013, each of which 1s hereby

incorporated by reference herein 1n 1ts entirety.

FIELD OF THE INVENTION

The present invention generally relates to the real-time
characterization of electrochemical devices, such as batter-
ies and fuel cells, and in particular to internal temperature

estimation 1n such devices.

BACKGROUND OF THE INVENTION

An electrochemical system i1s a system that either derives
clectrical energy from chemical reactions, or {facilitates
chemical reactions through the introduction of electrical
energy. An electrochemical system generally includes a
cathode, an anode, and an electrolyte, and 1s typically
complex with multiple heterogeneous subsystems, multiple
scales from nanometers to meters. Examples of these sys-
tems 1nclude fuel cells, batteries, and electroplating systems.
On-line characterization of batteries or fuel cells 1 vehicles
1s diflicult, due to very rough noisy environments.

On-line characterization of such electrochemical systems
1s desirable 1n many applications, which include real-time
evaluation of m-flight batteries on a satellite or aviation
vehicle, and dynamic diagnostics of traction batteries for
clectric and hybrid-electric vehicles. In many battery-pow-
ered systems, the efliciency of batteries can be greatly
enhanced by intelligent management of the electrochemaical
energy storage system. Management 1s only possible with
proper diagnosis of the battery states.

Although there may be many kinds of characterization
models for an electrochemical system, equivalent circuit
models are most appropriate in many applications where
stringent real-time requirements and limiting computing
powers need to be considered. An algorithm for a circuit
model 1s relatively simple, meaning that simulation time 1s
short and the computation cost 1s relatively low. A circuit
model 1s an empirical model that describes the electrochemi-
cal system with a resistor-capacitor (or resistor-inductor-
capacitor) circuit.

In a suitable circuit model, major eflects of thermody-
namic and Kinetic processes in the electrochemical system
can be represented by circuit elements. For example, the
clectrode potential between the cathode and the anode of a
system can be represented with a voltage source, the charge-
transier processes can be represented with charge-transier
resistances, the double-layer adsorption can be represented
with capacitances, and mass-transfer or diffusion eflects can
be represented with resistances such as Warburg resistances.
Therefore a circuit model 1s extremely useful for many
on-line diagnostics of the real-time states of an electro-
chemical system.

Conventionally, a thermocouple 1s used to measure the
temperature of a device or structure, but very often, it 1s very
difficult and troublesome to embed the thermocouples 1nto a
system, such as the case of an energy storage device (e.g.,
lithium-10on batteries). Infrared imaging 1s another technique
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2

for thermal imaging. However, this method not only requires
an IR camera, but 1t 1s also very diflicult to quantily the

internal temperature of the battery. The current technologies
very olten only measure the outside or surface temperatures,
which do not reflect what 1s going on inside a device. It 1s
known that for many batteries such as a secondary Li-1on
battery, impedances are sensitive to theirr own inner tem-
peratures (see, for example, US2012/0099618).

Monitoring the internal temperature of a battery 1s critical
for battery testing/evaluations, eflicient battery manage-
ment, and safety. Conventional methods of monitoring the
ambient battery temperature or the temperature of a battery’s
external casing are a poor indication of the internal tem-
perature of the cell. Because the thermal conductivities of
the active material layers are less than those of the metals,
depending on the heating rate, the internal temperature can
vary significantly from the external temperature. This 1s
especially problematic when localized internal heating
occurs; poor thermal conductivity of the battery layers can
produce large temperature gradients between the internal
and external components of the battery.

A system that 1s capable of monitoring the internal cell
temperature could provide safer, more eflicient management
of batteries and other electrochemical devices. Improve-
ments are desired for more-accurate estimates of internal
temperatures 1n these electrochemical devices.

SUMMARY OF THE INVENTION

The present mmvention addresses the aforementioned
needs 1n the art, as will now be summarized and then further
described 1n detail below.

In some variations, the ivention provides a method of
estimating the internal temperature of an electrochemical
device, the method comprising:

(a) exciting the electrochemical device with a driving
profile;

(b) acquiring voltage and current data from the electro-
chemical device, in response to the driving profile;

(¢) calculating an 1mpulse response from the current and
voltage data and time derivatives thereof, optionally using a
recursive or matrix-based method;

(d) calculating an impedance spectrum of the electro-
chemical device from the impulse response using an impulse
response model;

(¢) calculating a state-of-charge of the electrochemical
device; and

(1) estimating an internal temperature of the electrochemai-
cal device based on a temperature-impedance-state-oi-
charge relationship characterizing the electrochemical
device.

The electrochemical device may be selected from the
group consisting of a battery, a fuel cell, an electrolytic cell,
a capacitor, a supercapacitor, a pseudocapacitor, an electro-
plating system, and a galvanic corrosion system. In some
embodiments, the electrochemical device 1s a lithium-ion
battery.

When such a method 1s employed, the electrochemical
device need not be configured with a thermocouple, infrared
detector, or other auxiliary device to measure temperature.
Optionally, the device could be configured with a thermo-
couple, for example, to mitially or occasionally calibrate the
device.

The electrochemical device may be excited with various
driving profiles. In some embodiments, the driving profile 1s
based on normal operation of the electrochemical device. It
can be preferred to select the driving profile 1n order to
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obtain the impedance spectrum at a frequency that 1s known
to have a good correlation with temperature. In some
embodiments, the driving profile includes constant-current
and/or constant-voltage pulses. In certain embodiments, the
driving profile 1includes a plurality of double-pulse
sequences, wherein each of the double-pulse sequences
comprises a constant-current discharge pulse having a pulse
width and a pulse amplitude, a constant-current charge pulse
having the pulse width and the pulse amplitude, and a
zero-current period. The driving profile may also be random.

In some embodiments, step (¢) utilizes a Kalman filtering
technique. In some embodiments, the recursive or matrix-
based method utilizes a moving window to update time-
varying electrical responses. The impulse response model
may be a finite impulse response digital filter, an infinite
impulse response digital filter, both of these, or some other
digital filter or model.

In some embodiments, the impedance spectrum 1n step (d)

1s calculated 1n a frequency range of about 0.01 Hz to about
1000 Hz, such as about 0.1 Hz to about 1 Hz, or about 1 Hz

to about 10 Hz, for example.

There are various ways to calculate or estimate the
state-of-charge of the device, 1n step (e) of the method. In
some embodiments, step (e) comprises calculating the Fou-
rier transform of the impulse response to obtain the state-
of-charge. In these or other embodiments, step (€) comprises
calculating the state-of-charge based on an initial open-
circuit voltage and Coulomb counting.

In some embodiments of the invention, the temperature-
impedance-state-of-charge relationship 1s predetermined by
calibration of the electrochemical device prior to the
method. In these or other embodiments, the temperature-
impedance-state-of-charge relationship 1s in the form of an
empirical look-up table or graph that 1s applicable to the
clectrochemical device. Alternatively, or additionally, the
temperature-impedance-state-oi-charge relationship may be
in the form of a theoretical equation or fundamental corre-
lation of impedance with temperature and state-of-charge.

In some embodiments, the method 1s implemented 1n a
temperature sensor within a normal device operation tem-
perature range selected from -30° C. to 60° C. (such as a
temperature range of 0-60° C.). In some embodiments, the
method 1s 1mplemented 1n a temperature safety device
within a temperature range selected from -30° C. to 120° C.
to detect thermal runaway (such as a temperature range of
-30° C. to 120° C. or a range of 20-100° C.).

The method steps (a)-(1) may be repeated any number of
times, continually or periodically, during operation of the
clectrochemical device in order to monitor 1ts internal tem-
perature.

Some variations of the invention also provide a tempera-
ture-sensing apparatus for estimating the internal tempera-
ture of an electrochemical device, the apparatus comprising,
a computer that 1s electrically linkable to the electrochemical
device; the computer programmed using non-transitory
memory with executable code for executing the steps of:

(a) exciting the electrochemical device with a driving
profile;

(b) acquiring voltage and current data from the electro-
chemical device, in response to the driving profile;

(c) calculating an 1impulse response from the current and
voltage data and time derivatives thereof, using a recursive
or matrix-based method;

(d) calculating an impedance spectrum of the electro-
chemical device from the impulse response using an impulse
response model;
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4

(¢) calculating a state-of-charge of the electrochemical
device; and

(1) estimating an internal temperature of the electrochemai-
cal device based on a temperature-impedance-state-oi-
charge relationship characterizing the electrochemical
device.

Some variations provide a temperature-monitored elec-
trochemical system comprising a temperature-sensing appa-
ratus that 1s electrically linked to an electrochemical device,
wherein the temperature-sensing apparatus comprises a
computer programmed using non-transitory memory with
code for executing the steps of:

(a) exciting the electrochemical device with a drniving
profile;

(b) acquiring voltage and current data from the electro-
chemical device, 1n response to the driving profile;

(¢) calculating an impulse response from the current and
voltage data and time derivatives thereof, optionally using a
recursive or matrix-based method;

(d) calculating an impedance spectrum of the electro-
chemical device from the impulse response using an impulse
response model;

(¢) calculating a state-of-charge of the electrochemical
device; and

(1) estimating an internal temperature of the electrochemi-
cal device based on a temperature-impedance-state-oi-
charge relationship characterizing the electrochemical
device.

In some embodiments, the system does not include a
thermocouple, infrared detector, or other auxiliary device to
measure temperature. The electrochemical device may be
selected from the group consisting of a battery (e.g., a
lithium-10n battery), a fuel cell, an electrolytic cell, a capaci-
tor, a supercapacitor, a pseudocapacitor, an electroplating
system, and a galvanic corrosion system.

In some embodiments, the driving profile includes con-
stant-current and/or constant-voltage pulses. In certain
embodiments, the driving profile includes a plurality of
double-pulse sequences, wherein each of the double-pulse
sequences comprises a constant-current discharge pulse hav-
ing a pulse width and a pulse amplitude, a constant-current
charge pulse having the pulse width and the pulse amplitude,
and a zero-current period.

In some embodiments, executable step (c) utilizes a
recursive or matrix-based Kalman filtering technique. In
some embodiments, the recursive or matrix-based method
utilizes a moving window to update time-varying electrical
responses. The impulse response model may be a finite
impulse response digital filter or an infinite impulse response
digital filter, for example.

In some embodiments, the impedance spectrum 1n execut-
able step (d) 1s estimated 1n a frequency range of about 0.01
Hz to about 1000 Hz, such as about 0.1 Hz to about 1 Hz.

In some embodiments, step (€) comprises calculating the
Fourier transform of the impulse response to obtain the
state-of-charge. In these or other embodiments, step (e)
comprises calculating the state-of-charge based on an itial
open-circuit voltage and Coulomb counting.

In some embodiments of the temperature-monitored elec-
trochemical system the temperature-impedance-state-oi-
charge relationship 1s 1 the form of an empirical look-up
table or graph that i1s applicable to the electrochemical
device (such as by calibration of the particular device or the
applicable type of device). In these or other embodiments,
the temperature-impedance-state-of-charge relationship is in
the form of a theoretical equation or fundamental correlation
of impedance with temperature and state-of-charge.
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In some embodiments, the temperature-sensing apparatus
1s a temperature sensor within a normal device operation
temperature range selected from —30° C. to 60° C. (includ-
ing any intermediate range ol temperatures). In these or
other embodiments, the temperature-sensing apparatus 1s a
temperature safety device within a temperature range

selected from -30° C. to 120° C. to detect thermal runaway
(including any intermediate range of temperatures).

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 depicts a tlowchart of the methods of the invention,
in some embodiments, to estimate the internal temperature.

FI1G. 2 illustrates an exemplary computer system 1n accor-
dance with some method and system embodiments.

FI1G. 3 1s a flowchart of a calibration procedure described
in Example 1.

FIG. 4 1s a flowchart of a measurement procedure
described in Example 2.

FIG. 5 1s a graph of impedance spectra for a cell tested in
Example 3 at different SOC (10%, 30%, 50%, 70%, and

90%) and various temperatures (10° C., 25° C., and 40° C.).

FIG. 6 1s a graph of temperature-dependent impedance
spectra (Nyquist plot) of a cell measured at different tem-
peratures (0° C., 10° C., 25° C., and 40° C.) at a fixed
state-of-charge of 70%, in Example 3.

FI1G. 7 1s a Bode plot of FIG. 6 to illustrate the impedance
and phase angle as a function of frequency at different
temperatures.

FIGS. 8-11 are series of resistance-temperature relation-
ships for a cell at different SOC (10% 1n FIG. 8, 30% 1n FIG.

9, 50% 1n FIG. 10, 70% 1n FIG. 11) at 1 Hz, to construct a
look-up table (Example 3).

FI1G. 12 1s a depiction of a current pulse used to probe the
impedance and SOC of a cell, 1n some embodiments of the
invention (and in Example 4).

FIG. 13 1s a graph of the impedance spectra (Nyquist
plots) at five different temperatures with the same 1initial
SOC (70%).

FIG. 14 1s a graph of the impedance spectra (Nyquist
plots) at four different mitial SOCs at 10° C.

FIG. 15 1s an example of a current pulse used to drive a
cell (left side of figure) and the measured terminal voltage
(right side of FIG. 15), in Example 5.

FIG. 16 1s a graph of the impulse response function H(t)
(upper part) and V__ vs. time (lower part), in Example 5.

FIG. 17 1s a graph of the impedance vs. frequency (top)
and the phase vs. frequency (bottom) mn Example 3.

FIG. 18 1s a plot of the impedance data 1n the Nyquist
format.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

The methods, apparatus, and systems of the present
invention will be described 1n detail by reference to various
non-limiting embodiments and figures.

This description will enable one skilled 1n the art to make
and use the invention, and 1t describes several embodiments,
adaptations, variations, alternatives, and uses of the mnven-
tion. These and other embodiments, features, and advan-
tages of the present mvention will become more apparent to
those skilled in the art when taken with reference to the
tollowing detailed description of the invention in conjunc-
tion with the accompanying drawings.

As used 1n this specification and the appended claims, the
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unless the context clearly indicates otherwise. Unless
defined otherwise, all technical and scientific terms used
herein have the same meaning as 1s commonly understood
by one of ordinary skill in the art to which this mnvention
belongs.

Unless otherwise indicated, all numbers expressing
parameters, conditions, results, and so forth used in the
specification and claims are to be understood as being
modified 1n all mstances by the term “about.” Accordingly,
unless 1indicated to the contrary, the numbers set forth 1n the
following specification and attached claims are approxima-
tions that may vary depending upon specific methods and
calculations.

The term “comprising,” which 1s synonymous with
“including,” “containing,” or “characterized by” 1s inclusive
or open-ended and does not exclude additional, unrecited
clements or method steps. “Comprising’ 1s a term of art used
in claim language which means that the named claim
clements are essential, but other claim elements may be
added and still form a construct within the scope of the
claim.

As used herein, the phase “consisting of” excludes any
clement, step, or mngredient not specified in the claim. When
the phrase “consists of”” (or variations thereol) appears 1n a
clause of the body of a claim, rather than immediately
following the preamble, 1t limits only the element set forth
in that clause; other elements are not excluded from the
claim as a whole. As used herein, the phase “consisting
essentially of” limits the scope of a claim to the specified
clements or method steps, plus those that do not materially
aflect the basis and novel characteristic(s) of the claimed
subject matter.

With respect to the terms “comprising,” “consisting of,”
and “consisting essentially of,” where one of these three
terms 1s used herein, the presently disclosed and claimed
subject matter may include the use of either of the other two
terms. Thus in some embodiments not otherwise explicitly
recited, any instance of “comprising” may be replaced by
“consisting of” or, alternatively, by “consisting essentially
of.”

Some variations of the present invention provide an 1n situ
method to probe the internal temperature of a battery from
the voltage terminals, without any temperature sensor or
auxiliary sensing devices. No auxiliary device 1s needed
because temperature information 1s extracted from the
impedance ol a battery, which can be extracted from the
current and voltage responses ol a battery by the methods
described herein.

The disclosed invention 1s useful for on-line applications
which would benefit from real-time temperature sensing
capabilities during battery operations, for safety, economics,
or any other reasons. These methods may be readily imple-
mented as part of a battery management system.

The principles of the invention may be applied to a variety
of electrochemical systems and electrochemical devices,
such as (but not limited to) batteries, electrolytic cells, fuel
cells, capacitors, electroplating systems. Much of the dis-
cussion presented herein 1s directed to batteries as an
example, but the imnvention should not be so limited.

When the electrochemical system 1s a battery, an impulse-
response-based method enables one to accurately estimate
the battery states under dynamic operating conditions. Bat-
tery states include, but are not limited to, state-oi-health,
state-of-charge, state-of-power, high-frequency resistance,
charge-transfer resistance, and double-layer capacitance.
State-of-health 1s a figure of merit of the condition of a
battery (or a cell, or a battery pack), compared to 1ts 1deal

b I Y 4
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conditions. State-of-charge 1s an indication of how much
useful energy remains in the battery. State-of-power char-
acterizes the charge and discharge power capabilities of the
battery. High-frequency resistance, charge-transfer resis-
tance, and double-layer capacitance characterize the actual
kinetic processes that take place in the battery, including
both electrochemical reactions as well as mass transport and
diffusion processes.

The Fourier transform of the impulse response represents
the impedance spectroscopy. “Impedance spectroscopy’
generally refers to signal measurement of the linear electri-
cal response and subsequent analysis of the response to yield
useful information about the physicochemical properties of
a system. From the impedance spectroscopy, state-of-health,
state-of-charge, and state-of-power may be monitored.

Specifically, the impedance at high frequency may be
used as an indicator for state-of-health. The reason 1s that the
impedance of typical batteries increases with age. This
high-frequency impedance can be directly read out from the
spectrum. State-of-charge may be deduced with the open
circuit voltage via a voltage-state-of-charge look-up table.
The open circuit voltage 1s a thermodynamic parameter
which can be derived 11 the kinetic response of the system 1s
known. State-of-power 1s the current response to the maxi-
mum/minimum voltage input. Therefore, 1t can be calculated
with the convolution of the voltage and the impulse
response.

Some variations provide methods and apparatus to extract
the internal temperature from the battery cell impedance or
cell resistance. It 1s known that cell impedance has strong
temperature dependence. Once correlations between the cell
impedance and temperature are known, temperature infor-
mation can be extracted from the cell impedance data. The
present invention 1s premised, at least 1n part, on the real-
ization that the impedance spectrum 1s also dependent upon
not only temperature, but also the battery state-of-charge
(SOC). Thus, the disclosed invention also takes into account
the eflects of SOC to provide a more accurate temperature
sensing capability.

In particular, impedances have been found to be sensitive
to the battery SOC. The disclosed methods utilize the
impedance spectrum (with a frequency range covering
approximately 0.01 Hz to 10 Hz, for example) rather than a
one-point impedance (e.g., DC impedance) for temperature
sensing, taking into account the SOC eflect on impedances.
These features enhance the method to a more accurate level
in device temperature sensing.

Using a secondary battery as an example, the disclosed
temperature sensing apparatus calculates the impedance
information from the current and voltage responses of a
battery. The temperature information is extracted from the
impedance data using predetermined impedance-tempera-
ture relationships at a given SOC.

As will be described 1n more detail below, time-varying
clectrical excitation 1s applied to a battery. Then time-
varying electrical responses (voltage and current) are col-
lected from the battery. An impulse response method 1s
applied to calculate the impedance of a battery using the
measured voltage and current signals collected from the
clectrical excitations. The impulse response method can also
extract the SOC information from the electrical excitations.
The impulse-response method may be based on direct-
current current/voltage pulses or on random device opera-
tion protocols, for example. In some embodiments, the
impulse-response method 1s not based on the use of alter-
nating current at a fixed frequency or a narrow frequency
range.
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In some embodiments, the method for this 1mpulse
response includes a high-frequency passing filter, a least-
squares method, a moving window to update the time-
varying electrical responses, and a predetermined “look-up
table” to extract the internal temperature of a battery from
the measured impedance data. The look-up table may be 1n
the form of an actual table, a graph or series of graphs, a
correlation equation, or other means to capture an empiri-
cally determined correlation. The correlation 1s of 1mped-
ance as a function of temperature and SOC, so that at a given
impedance and SOC, temperature can be estimated. The
method, 1n some embodiments, 1s 1llustrated in FIG. 1. Also,
the disclosed invention enables the determination of SOC
and temperature simultaneously.

By “internal temperature” of an electrochemical device, it
1s meant the temperature of active materials within the
device, rather than a surface temperature. Generally speak-
ing, 1n a device such as a battery, electrochemical reactions
take place at and between electrodes, and there can be a
gradient in temperature from the bulk solution (or solid
phase) to the surface or interface of the device with a current
collector or the environment. The surface or interface tem-
perature 1s generally easy to monitor, but it does not provide
a true picture of what 1s taking place within the active region.
The mnternal temperature may represent an average tempera-
ture across the active region(s), or 1t may represent the local
temperature within one of the electrodes, or some combi-
nation of internal temperatures (such as a weighted mean) 11
there 1s an internal temperature distribution. In any case, the
most valuable representation of imnternal temperature 1s what
1s actually realized (kinetically speaking) by the device and
how such electrochemical kinetics are manifested 1n 1imped-
ance and SOC. That 1s the temperature estimated according
to this mvention.

Some variations of this mvention provide an impulse-
response-based method for on-line characterization of an
clectrochemical system. A method as provided herein may
utilize measured current (I) and/or voltage (V) signals to
directly extract thermodynamic and kinetic information
associated with the electrochemical system, dynamically (in
real time). The impulse-response-based methods of the
present invention can provide high-speed characterization of
an electrochemical system with improved accuracy. The
methods are robust and suitable for real environment appli-
cations under various operating conditions.

The methods work in the time domain without relying on
frequency-domain transiformations. Therefore, these meth-
ods are more aligned for real-time applications. By avoiding
frequency-domain transformations, the methods provided
herein, in some embodiments, can surprisingly regress the
results 1-2 orders of magnitudes faster compared to prior
methods.

In addition, the disclosed impulse-response-based meth-
ods provide broader capabilities in characterizing an elec-
trochemical system by prescribing an impulse-response
function. Circuit models employing conventional circuit
clements can have difliculty describing some kinetic pro-
cesses. In particular, the methods herein explicitly account
for time-domain diflusion phenomena.

Generally speaking, any system having an anode and a
cathode; any system that supplies, receives, or 1s 1n electrical
communication with a current and a voltage source or
signal; or any system capable of being characterized utiliz-
ing the principles described herein, may be an “electro-
chemical system”™ within the intended meaning. Electro-
chemical systems that may be characterized using these
impulse-response-based methods include, but are by no
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means limited to, batteries, fuel cells, capacitors, ultraca-
pacitors, hybrid combustion-electric systems, and other
energy-delivery or energy-storage devices.

Electrochemical systems include not only systems
intended to provide energy or store energy, but also systems
that utilize electrochemical reactions to carry out chemistry
or separations of matter. Such electrochemistry applications
include electroplating and galvanic corrosion for carrying
out chemical reactions, and electrochemical separators for
separations of matter. Flectrochemical separators include
clectrochemical membranes and electrostatic precipitators,
for example.

Some variations of the mvention provide a method of
estimating the internal temperature of an electrochemical
device, the method comprising:

(a) exciting the electrochemical device with a driving
profile;

(b) acquiring voltage and current data from the electro-
chemical device, in response to the driving profile;

(c) calculating an impulse response from the current and
voltage data and time derivatives thereof, using a recursive
or matrix-based method;

(d) calculating an 1mpedance spectrum of the electro-
chemical device from the impulse response using an impulse
response model;

(e) calculating a state-of-charge of the electrochemical
device; and

(1) estimating an internal temperature of the electrochemi-
cal device based on a temperature-impedance-state-oi-
charge relationship characterizing the electrochemical
device.

The electrochemical device may be selected from the
group consisting of a battery, a fuel cell, an electrolytic cell,
a capacitor, a supercapacitor, a pseudocapacitor, an electro-
plating system, and a galvanic corrosion system. In some
embodiments, the electrochemical device 1s a lithium-ion
battery.

The electrochemical device may be excited with various
driving profiles. A “driving profile” as used herein means a
time-varying current profile, I(t), that 1s utilized to excite an
clectrochemical device by providing current to it at varying
amplitudes 1n time. In some embodiments, the driving
profile 1s based on normal operation of the electrochemical
device. It can be preferred to select the driving profile 1n
order to obtain the impedance spectrum at a frequency that
1s known to have a good correlation with temperature. The
driving profile may also be random.

In some embodiments, the driving profile includes con-
stant-current and/or constant-voltage pulses. In certain
embodiments, the driving profile includes a plurality of
double-pulse sequences, wherein each of the double-pulse
sequences comprises a constant-current discharge pulse hav-
ing a pulse width and a pulse amplitude, a constant-current
charge pulse having the pulse width and the pulse amplitude,
and a zero-current period. Preferably, the magnitude of
constant-current discharge pulse 1s the same as the magni-
tude of a constant-current charge pulse, so that integration of
current over time 1s zero. The double pulse 1s preferably
symmetric (1.¢. charge and discharge pulses being symmet-
ric to each other, with opposite signs of the magnitude) so
that the battery SOC 1s maintained while additional double
pulses can be applied to the system. Additionally, since the
kinetics are SOC-dependent, a symmetric double pulse
enables more-accurate characterization at constant SOC. A
“double-pulse driving profile” 1s further described 1n U.S.
patent application Ser. No. 14/301,334, filed Jun. 11, 2014,

which 1s hereby incorporated by reference herein.
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In some embodiments, step (¢) utilizes a Kalman filtering,
technique. In some embodiments, the recursive or matrix-
based method utilizes a moving window to update time-
varying electrical responses. The impulse response model
may be a finite impulse response digital filter, an infinite
impulse response digital filter, both of these, or some other
digital filter or model. Some methods that may be employed
in various embodiments are further described 1n U.S. patent
application Ser. No. 13/646,663, filed Oct. 6, 2012, which 1s

hereby incorporated by reference herein.

In some embodiments, the impedance spectrum 1n step (d)
1s calculated 1n a frequency range of about 0.01 Hz to about
10 Hz, such as about 0.1 Hz to about 1 Hz. In various
embodiments, the impedance spectrum 1n step (d) 1s calcu-

lated at one or more frequencies of about 0.02, 0.05, 0.1, 0.2,
0.3,04,0.5,06,0.7,0.8,0.9,1.0,1.5,2.0,3.0,4.0, 5.0, 6.0,
7.0, 8.0, or 9.0 Hz. In some embodiments, the impedance
spectrum 1n step (d) 1s calculated 1n a frequency range of
about 10 Hz to about 1000 Hz, such as about 10 Hz to about
100 Hz. These methods may be adapted to find impedances
at the specific frequency or frequencies that have the most
significant correlation with temperature.

There are various ways to calculate or estimate the
state-of-charge of the device, 1n step (e) of the method. In
some embodiments, step (€) comprises calculating the Fou-
rier transform of the impulse response to obtain the state-
of-charge. In these or other embodiments, step (¢) comprises
calculating the state-of-charge based on an initial open-
circuit voltage and Coulomb counting.

In some embodiments of the invention, the temperature-
impedance-state-of-charge relationship 1s predetermined by
calibration of the electrochemical device prior to the
method. In these or other embodiments, the temperature-
impedance-state-of-charge relationship 1s in the form of an
empirical look-up table or graph that is applicable to the
clectrochemical device. Alternatively, or additionally, the
temperature-impedance-state-of-charge relationship may be
in the form of a theoretical equation or fundamental corre-
lation of 1impedance with temperature and state-of-charge.

The method steps (a)-(1) may be repeated any number of
times, continually or periodically, during operation of the
clectrochemical device 1n order to monitor 1ts internal tem-
perature. In some embodiments, the method 1s implemented
in a temperature sensor within a normal device operation
temperature range ol —=30° C. to 60° C. In some embodi-
ments, the method 1s implemented 1n a temperature safety
device within a temperature range of —=30° C. to 120° C. (or
another suitable temperature range of interest) to detect
thermal runaway.

When such a method 1s employed, the electrochemical
device need not be configured with a thermocouple, infrared
detector, or other auxiliary device to measure temperature.
Optionally, the device could be configured with a thermo-
couple, for example, to 1nitially or occasionally calibrate the
device.

Also, 1n some embodiments, both the internal temperature
(provided by the disclosed methods herein), as well as a
surface temperature and/or an environmental temperature,
are measured. The environmental temperature could be
provided by a simple thermometer placed in proximity with
the device. Then, the difference between the environmental
temperature and the device internal temperature could be
tracked, to provide additional information. This may be
useiul, for example, when there are wide environmental
temperature fluctuations (e.g., for aircrait) and when 1t 1s
desirable to assess the heat-transier rates into and out of the
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device, or to evaluate the impact of environmental tempera-
ture on device performance and internal temperature.

Similarly, a thermocouple could be configured to monitor
the device surface temperature, and the difference between
the surface temperature and internal temperature (provided
by the disclosed methods herein) could be tracked to provide
information regarding heat-transier rates into and out of the
device, for example.

It will also be recognized by a person skilled in the art that
an estimation of internal temperature can indirectly provide
an estimation of any other system property or parameter that
depends, solely or partially, on temperature. The temperature
estimates, or a collection of temperature estimates forming
a temperature history, may be utilized as inputs 1mnto equa-
tions or correlations, within a computer or programmable
apparatus, to estimate a wide variety of parameters. Such
parameters may include, but are not limited to, reaction rates
(for battery electrode chemistry), reaction rate constants,
equilibrium states ol reactions, mass-transier rates, and
material properties (e.g., viscosity, density, diffusivity, and
stability).

In order for the model to be robust against noise and be
agile enough for real-time use, a method 1s employed that
calculates or estimates an impulse response. In the method,
the 1mpulse response of the system 1s deduced with the
current and voltage samples of a battery i a selected time
window. A moving-window technique may be employed to
update the method recursively. The sizes of the impulse
response and the window can be adjusted to accommodate
the bandwidth of the kinetic process of the system. Once the
impulse repulse 1s deduced at real time, states of the elec-
trochemical system can be derived based on the impulse
repulse.

In some embodiments, the method 1mplements noise-
filtering techniques which enable stable regression in the
method 1n the presence of noise (e.g., due to electro-
magnetic interference). Such noise reduction methods also
improve the accuracy and reliability of the regressed param-
eters. Various types of noise in the current and/or voltage
data may be present, including high-frequency noise.

In some embodiments, a high-frequency pass filter 1s used
for filtering out static noise associated with current and
voltage measurements. A high-frequency pass filter 1s an
clectronic filter that passes high-frequency signals but
attenuates signals with frequencies lower than the cutofl
frequency. High-frequency pass filtering to remove at least
some static noise may be helpiul 1n improving the stability
ol the method.

In some embodiments, a least-squares regression method
1s 1implemented for improving the stability of the method
against high-frequency noise. Least-squares regression uti-
lizes methods such as, but not limited to, linear least squares,
non-linear least squares, partial least squares, sparse partial
least squares, weighted least squares, least squares with
penalty function, and combinations thereof.

The linear least-squares fitting technique 1s a convenient
form of linear regression. For non-linear least squares fitting
to a number of unknown parameters, linear least squares
fitting may be applied 1teratively to a linearized form of the
function until convergence 1s achieved. It 1s also possible to
linearize a non-linear function at the outset and still use
linear methods for determining {it parameters. If uncertain-
ties are known or estimated, points can be weighted difler-
ently i order to give the high-quality points more weight, 1f
desired.

The total voltage response of a circuit can be formulated
as the superposition of the zero-state response (ZSR) and the
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zero-mput response (ZIR). The ZSR results only from the
external mputs of driving currents of the circuit; the ZIR
results only from the mitial state of the circuit and not from
any external drive. For an electrochemical system such as a
battery, the ZIR 1s the open-circuit voltage (OCV) source 1
the battery has been open circuit for a suilicient time,
ignoring self-discharge, to reach an equilibrium state. The
ZSR can be calculated as the convolution of the drniving
currents with an impulse response characterizing the system.

The equation of a voltage response of an electrochemical
system such as a battery can thus be written as:

V(£)=OCV D)+, I(1—t ) H(t)dv (EQ. 1)

In EQ. 1, V(1) and I(t) are the measured voltage and current
values as a function of time. H(t) 1s the impulse response. In
defining the integration range from 0 to oo, we have com-
plied with the causality that the real-time response 1s only
caused by the mputs at the current time and the time before.

It 1s assumed that the impulse response converges to zero
after finite time T, 1.e., H(t)=0, as =T . It 1s a reasonable
approximation for many electrochemical systems, and EQ. 1
1s modified as:

V(5)=OCV(2)+, TeI(t—t)H (T )dv (EQ. 2)

Further modification 1s made by diflerentiating the two
sides of the EQ. 2 with time. Differentiating data 1s equiva-
lent to high-pass filtering for removing static noise which
can improve the stability of the method. Moreover, we
assume

AV (1)

dOCV (1)
> ,
dr

dt

which 1s reasonable as long as there are finite current inputs.
The result 1s EQ. 3:

avs (EQ. 3)

dt

f A=) s
0 dr

EQ. 3 1s the main equation relied upon to solve the impulse
response H(t), in some embodiments. However, EQ. 3 1s not
an explicit formula for H(t).

The desired impulse response H(t) needs to be obtained
by deconvolution from EQ. 3. EQ. 3 can be digitized, since
evaluation 1s carried out at the sampling instants with T as
the sampling interval. The digitized formula becomes EQ. 4:

[DV] = [DI]-[H] (EQ. 4)

with

[DV]=[Vyet = Vs Vivar = Vivets oor s Vvenr = Vvam— 17

Iy — Iy Iy — vy L -1
DI = Inir — Iny Invy1 — Iy -1
Ivanr = Ivenv—1 Ivaemi—r = Inem— o0 Iy — I |

[H] = [Ho, Hy, ... , Hy_1]".

The subscripts in the EQ. 4 represent the sampling coet-
ficients. In some embodiments, N can be chosen so that
N=T,/T. H(t) 1s evaluated at t=0, T, 2T, . .., (N=-1)T and 1t
1s assumed that H(t)=0 for t=T,=NT. The sum of N and M
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defines the size of the temporal window, At=(N+M)T, 1n
which the sampled V(1) and I(t) will be used to fill 1n the
matrices of [DV] and [DI]. In these embodiments the sizes
ol the matrices [DV], [DI], and [H] are Mx1, MxN, and
Nx1, respectively, which means that M=N 1s the necessary
condition for the valid solution of H(t).

With respect to EQS. 3 and 4, there 1s always noise 1n the
V(1) and I(t) data which 1s not explicitly expressed. In order
to 1improve the stability of the method against such noises,
a least-squares method may be utilized to solve [H]. In the
form of matrices, the solution 1s given by EQ. 5:

[H=([D}* [DN)~ (DI} [DV] (EQ. 5)

A valid solution to EQ. 5 for [H] can be acquired as long as
the matrix product [G]=[DI]*[DT] is nonsingular. The rank
of [G] provides an estimate of the number of linearly
independent rows or columns of [(G], at given points 1n time.
There are a number of ways to compute the rank. In some
embodiments, singular value decomposition 1s employed.

In some embodiments, recursive methods are utilized
wherein all information utilized stems from previous time-
step calculations and measurements at the present time-
steps. Optionally, a moving-window technique may be
employed to update the method recursively. The sizes of the
impulse response and the window can be adjusted to accom-
modate the bandwidth of the kinetics of the selected elec-
trochemical system (e.g., a battery or fuel cell).

There are several methods to dictate the adjustment of the
s1ize of the sampling window. One method 1s to adjust the
s1ze based on the knowledge of the thermodynamics and
kinetics of the electrochemical system. If the system has a
more sluggish kinetic response, the window may be
increased, and vice versa. The response time 1s different for

different electrochemical systems. Also the response time 1s
generally different for a given system at diflerent times.

Another method dictate the adjustment of the size of the
sampling window 1s based on mathematics. The size of the
window can be increased at first, and the result of the
impulse response H(t) can be used to compare with the H(t)
with the original window size. If H(t) changes significantly,
the sampling window size may be increased. IT H(t) does not
change significantly, the size of the window 1s deemed to be
wide enough.

Due to the limitations of computer storage and constraints
of embedded controllers, recursive methods may be pre-
terred, 1n some embodiments. Using recursive methods, all
information that 1s utilized at a given time-step derives from
previous time-step calculations along with measurements at
the present time-step. The following equations apply to
recursive methods.

From EQ. 5, the recursive form can be derived as EQ. 6:

Nl el (EQ. 6)
E H; ) DIyDl; = ) DIyDV,

— /7Y J=0
where

Dl = Iy — Inviejs

DV = Vi — Vivai
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Each element of the impulse response [H] can be expressed
as

N M—1 A Y (EQ. 7)
X, - Z HY, Z DI DV; - E HI-Z DI DI;
o =011 I =0+ /7
L= Z, - M—1
>, DI
j=0
The X, Y, Z, with 1, j=0, 1, . . . , N are updated with the
following recursive equations:
For 1=1, 2, 3, ..., N-1,
Xi=X. lr—l
Y '=Y 1z
Y, =Y, L=12,...N
Z-I:Z- 11.‘—1
For 1=0,

Xo =X " Inare i~ Inviad Vveaze = Vaead) —Aave 1= I
(Vne1=Vw)

YOLIZ YDLI_1+(IN+M+1_IN+M) (IN+M—L_ VN+M—L—1)_
(IN+1_IN)(VN—L+1_ VN—L):

f— ¢
YLO _YDL

L=12....N

Zo'=Zo" " +Unyare 1~ Invens) = U 1=In)°

In calculating each H, 1=0, 1, 2, . . . , N-1) at the current
time with EQ. 7, the most-updated H elements are used on
the right-hand side of the equation.

The above-described methods may be implemented 1n a
suitable physical apparatus. Some variations of the invention
provide a temperature-sensing apparatus for estimating the
internal temperature of an electrochemical device, the appa-
ratus comprising a computer that 1s electrically linkable to
the electrochemical device; the computer programmed using
non-transitory memory with executable code for executing
the steps of:

(a) exciting the electrochemical device with a driving
profile;

(b) acquiring voltage and current data from the electro-
chemical device, in response to the driving profile;

(¢) calculating an impulse response from the current and
voltage data and time derivatives thereot, using a recursive
or matrix-based method;

(d) calculating an impedance spectrum of the electro-
chemical device from the impulse response using an impulse
response model;

(¢) calculating a state-oi-charge of the electrochemical
device; and

(1) estimating an 1nternal temperature of the electrochemai-
cal device based on a temperature-impedance-state-oi-
charge relationship characterizing the electrochemical
device.

Some variations provide a temperature-monitored elec-
trochemical system comprising a temperature-sensing appa-
ratus that 1s electrically linked to an electrochemical device,
wherein the temperature-sensing apparatus comprises a
computer programmed using non-transitory memory with
code for executing the steps of:
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(a) exciting the electrochemical device with a driving
profile;

(b) acquiring voltage and current data from the electro-
chemical device, 1n response to the driving profile;

(c) calculating an impulse response from the current and
voltage data and time derivatives thereot, using a recursive
or matrix-based method;

(d) calculating an 1mpedance spectrum of the electro-
chemical device from the impulse response using an impulse
response model;

(¢) calculating a state-oi-charge of the electrochemical
device; and

(1) estimating an internal temperature of the electrochemi-
cal device based on a temperature-impedance-state-oi-
charge relationship characterizing the electrochemical
device.

In some embodiments, the system does not include a
thermocouple, infrared detector, or other auxiliary device to
measure temperature. The electrochemical device may be
selected from the group consisting of a battery (e.g., a
lithium-10n battery), a tuel cell, an electrolytic cell, a capaci-
tor, a supercapacitor, a pseudocapacitor, an electroplating,
system, and a galvanic corrosion system.

In some embodiments, the driving profile includes con-
stant-current and/or constant-voltage pulses. In certain
embodiments, the driving profile includes a plurality of
double-pulse sequences, wherein each of the double-pulse
sequences comprises a constant-current discharge pulse hav-
ing a pulse width and a pulse amplitude, a constant-current
charge pulse having the pulse width and the pulse amplitude,
and a zero-current period.

In some embodiments, executable step (c¢) utilizes a
recursive or matrix-based Kalman {filtering technique. In
some embodiments, the recursive or matrix-based method
utilizes a moving window to update time-varying electrical
responses. The impulse response model may be a finite
impulse response digital filter or an infinite impulse response
digital filter, for example.

In some embodiments, the impedance spectrum 1n execut-
able step (d) 1s estimated 1n a frequency range of about 0.01
Hz to about 1000 Hz, such as about 0.1 Hz to about 1 Hz.
In various embodiments, the impedance spectrum 1n execut-
able step (d) 1s estimated at frequencies of about 0.01, 0.05,
0.1, 0.5, 1, 2, 5, 10, 20, 30, 100, 200, 500, or 1000 Hz,
including any intermediate frequency.

In some embodiments, step (e¢) comprises calculating the
Fourier transform of the impulse response to obtain the
state-of-charge. In these or other embodiments, step (e)
comprises calculating the state-of-charge based on an 1nitial
open-circuit voltage and Coulomb counting.

In some embodiments of the temperature-monitored elec-
trochemical system the temperature-impedance-state-oi-
charge relationship 1s 1 the form of an empirical look-up
table or graph that i1s applicable to the electrochemical
device (such as by calibration of the particular device or the
applicable type of device). In these or other embodiments,
the temperature-impedance-state-of-charge relationship 1s in
the form of a theoretical equation or fundamental correlation
of impedance with temperature and state-of-charge.

In some embodiments, the temperature-sensing apparatus
1s a temperature sensor within a normal device operation
temperature range selected from —30° C. to 60° C. In these
or other embodiments, the temperature-sensing apparatus 1s
a temperature safety device within a temperature range
selected from -30° C. to 120° C. to detect thermal runaway.
Within these general ranges, specific temperature ranges

may be selected, such as —30° C. to 60° C., -10° C. to 80°
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C., =15° C. to 100° C., 10° C. to 60° C., and so on. Other
temperature ranges for such a temperature sensor or safety
device are possible, such as 50-130° C., 40-125° C., 0-120°
C., etc.

The “computer” utilized in the apparatus 1s any program-
mable computing device, or plurality of devices which may
be distributed 1 time or space, capable of being pro-
grammed (such as using C++ programming language) or
otherwise caused to execute code for executing the steps of
any ol the methods or methods described herein. The
method may be embedded within a controller.

In some embodiments, the computer has a processor, an
area ol main memory for executing program code under the
direction of the processor, a storage device for storing data
and program code and a bus connecting the processor, main
memory, and the storage device; the code being stored 1n the
storage device and executing in the main non-transient
memory under the direction of the processor, to perform the
steps of the methods recited 1n this description. Optionally,
the computer may be configured to exchange data with a
network (such as the Internet), and may carry out calcula-
tions on remote computers, servers, or via cloud computing.

An exemplary computer system 200 1n accordance with
some embodiments 1s shown 1n FIG. 2. Exemplary computer
system 200 1s configured to perform calculations, processes,
operations, and/or functions associated with a program or
method. In some embodiments, certain processes and steps
discussed herein are realized as a series of instructions (e.g.,
soltware program) that reside within computer-readable
memory units and are executed by one or more processors
of exemplary computer system 200. When executed, the
instructions cause exemplary computer system 200 to per-
form specific actions and exhibit specific behavior, such as
described herein. The computer may be integrated into a
management system configured for the device or into an
overall system incorporating the device (e.g., an electric
vehicle incorporating a battery).

Exemplary computer system 200 may include an address/
data bus 210 that 1s configured to communicate information.
Additionally, one or more data processing units, such as
processor 220, are coupled with address/data bus 210.
Processor 220 1s configured to process information and
instructions. In some embodiments, processor 220 1s a
microprocessor. Alternatively, processor 220 may be a dii-
ferent type of processor such as a parallel processor, or a
field-programmable gate array.

Exemplary computer system 200 i1s configured to utilize
one or more data-storage units. Exemplary computer system
200 may include a volatile memory unit 230, such as (but not
limited to) random access memory (“RAM?”), static RAM,
or dynamic RAM, etc.) coupled with address/data bus 210,
wherein volatile memory unit 230 1s configured to store
information and instructions for processor 220. Exemplary
computer system 200 further may include a non-volatile

memory unit 240, such as (but not limited to) read-only
memory (“ROM”), programmable ROM (*PROM”), eras-

able programmable ROM (“EPROM”), electrically erasable
programmable ROM “EEPROM™), or flash memory
coupled with address/data bus 210, wherein non-volatile
memory unit 240 1s configured to store static information
and 1nstructions for processor 220. Alternatively exemplary
computer system 200 may execute instructions retrieved
from an online data-storage unmit such as 1 “cloud comput-
ing.”

In some embodiments, exemplary computer system 200
also may include one or more interfaces, such as interface
250, coupled with address/data bus 210. The one or more
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interfaces are configured to enable exemplary computer
system 200 to interface with other electronic devices and
computer systems. The communication interfaces imple-
mented by the one or more interfaces may include wireline
(e.g., serial cables, modems, network adaptors, etc.) and/or
wireless (e.g., wireless modems, wireless network adaptors,
etc.) communication technology.

In some embodiments, exemplar computer system 200
may include an mput device 260 coupled with address/data
bus 210, wherein mnput device 260 1s configured to commu-
nicate miformation and command selections to processor
220. In accordance with certain embodiments, input device
260 1s an alphanumeric mput device, such as a keyboard,
that may include alphanumeric and/or function keys. Alter-
natively, input device 260 may be an input device other than
an alphanumeric input device. In some embodiments, exem-
plar computer system 200 may include a cursor control
device 270 coupled with address/data bus 210, wherein
cursor control device 270 1s configured to communicate user
input mformation and/or command selections to processor
220. A cursor control device 270 may be implemented using
a device such as a mouse, a track-ball, a track-pad, an optical
tracking device, or a touch screen. A cursor control device
270 may alternatively, or additionally, be directed and/or
activated via imput from mput device 260, such as in
response to the use of special keys and key sequence
commands associated with 1input device 260. Alternatively,
or additionally, cursor control device 270 may be configured
to be directed or guided by voice commands.

In some embodiments, exemplary computer system 200
turther may include one or more optional computer-usable
data-storage devices, such as storage device 280, coupled
with address/data bus 210. Storage device 280 1s configured
to store information and/or computer-executable instruc-
tions. In some embodiments, storage device 280 1s a storage
device such as a magnetic or optical disk drive, including for
example a hard disk drive (“HDD”), tloppy diskette, com-
pact disk read-only memory (“CD-ROM”), or digital ver-
satile disk (“DVD™). In some embodiments, a display device
290 1s coupled with address/data bus 210, wherein display
device 290 1s configured to display video and/or graphics.
Display device 290 may include a cathode ray tube (“CRT”),
liguud crystal display (“LCD”), field emission display
(“FED”), plasma display or any other display device suitable
for displaying video and/or graphic images and alphanu-
meric characters recognizable to a user.

Exemplary computer system 200 1s presented herein as an
exemplary computing environment in accordance with some
embodiments. However, exemplary computer system 200 1s
not strictly limited to being a computer system. For example,
exemplary computer system 200 may represent a type of
data processing analysis that may be used in accordance
with wvarious embodiments described herein. Moreover,
other computing systems may also be implemented. Indeed,
the spirit and scope of the present technology 1s not limited
to any single data processing environment. Thus, 1n some
embodiments, one or more operations of various embodi-
ments are controlled or implemented using computer-ex-
ecutable 1nstructions, such as program modules, being
executed by a computer. Such program modules may
include routines, programs, objects, components and/or data
structures that are configured to perform particular tasks or
implement particular abstract data types. In addition, 1n
some embodiments, one or more aspects are implemented
by utilizing distributed computing environments, such as
where tasks are performed by remote processing devices that
are linked through a communications network, or such as
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where various program modules are located in both local
and remote computer-storage media including memory-
storage devices.

Still other vanations of this invention provide a computer-
readable medium containing program instructions for esti-
mating the internal temperature of an electrochemical
device, wherein execution of the program instructions by
one or more processors of a computer causes the one or more
processors to carry out the steps of:

(a) exciting the electrochemical device with a driving
profile;

(b) acquiring voltage and current data from the electro-
chemical device, in response to the driving profile;

(¢) calculating an impulse response from the current and
voltage data and time dernivatives thereol, using a recursive
or matrix-based method;

(d) calculating an impedance spectrum of the electro-
chemical device from the impulse response using an impulse
response model;

(¢) calculating a
device; and

(1) estimating an internal temperature of the electrochemai-
cal device based on a temperature-impedance-state-oi-
charge relationship characterizing the electrochemical
device.

The computer-readable medium may be any known
medium capable of containing instructions, or computer
code, including (but not limited to) hard drives, disks,
memory sticks, CDs, DVDs, tflash memory devices, and so
on. The computer-readable medium may be erasable, non-
crasable, encrypted-erasable, etc. The computer-readable
medium may then be used within a computer and/or tem-
perature-sensing apparatus that can be electrically or wire-
lessly linked to an electrochemical device for temperature
monitoring.

state-of-charge of the electrochemical

EXAMPLES

Example 1

Calibration of Impedance Spectrum as a Function
of Temperature and State-of-Charge

Battery impedance spectrum Z(1) 1s calibrated as the
function of state-of-charge SOC and temperature T. A look-
up table (LUT) of Z vs. Tat different SOC 1s then built with
the calibration. The procedure for the calibration i1s as
follows.

First, the voltage 1s tloored to the mimmum voltage of the
battery, and the SOC 1s regarded as zero. In this Example 1,
a Sanyo L.333 NiMH cell 1s used with 1.5 Ah capacity and
a voltage range 1s from 2.8 V to 4.2 V. We discharge the
battery until 1t reaches 2.8 V. A Solartron 1260 1s used for the
current source. Next, the battery 1s charged to 1ts 10% SOC,
by charging the battery with a C/5 current, 1.e. 0.3 A, for half
an hour.

Then the battery 1s placed into a thermal chamber and
battery impedance spectrum 1s measured at different tem-
peratures. The cell 1s attached with a thermocouple to the
surface for temperature monitoring. An impedance spec-
trometer (Solartron 1255) 1s used for measuring impedance
spectrum. The cell 1s rested for two hours between the
temperatures. These steps are then repeated for four other
SOCs: 30%, 50% 70% and 90% 1n this example (other SOCs

may be employed for calibration).
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Finally a look-up table 1s constructed of Z vs. Tat different
SOC, 1.e. Z(I, SOC). The flow chart of the calibration 1s

shown 1n FIG. 3.

Example 2

Demonstration of Estimation of Internal
Temperature of a Battery

This example demonstrated how to denive the battery
inner temperature just based on the measured battery voltage
and current data. First, the battery 1s imtialized and the
battery’s open circuit voltage 1s measured with the voltage
signal at mmitial time. Next, the battery 1s driven with a
driving profile and the battery’s current and voltage 1is
sampled with a rate of 100 milliseconds (sampling period).
The dniving profile for this example 1s a double-pulse
driving profile as described above.

The current and voltage data 1s input 1nto a battery model.
From the battery model, we obtain estimates of battery SOC
and transfer impedance spectrum. Battery SOC 1s calculated
based on the initial open circuit voltage and Coulomb
counting. The battery impedance spectrum 1s calculated
based on the impulse response model as described in this
specification.

Then the battery mner temperature 1s estimated based on
the SOC and the battery spectrum. Specifically, temperature
is estimated by minimizing |Z()-Z(f, T,SOC)| where Z is the
calculated impedance from the model and SOC is the
state-oi-charge estimated or calculated from the model. The
Z(£ T,SOC) values are obtained from the look-up table
created 1n the calibration (Example 1). From this minimi-
zation, temperature 1s computed. These steps may be
repeated continually to estimate battery temperatures. An
exemplary flowchart of the operation 1s shown 1n FIG. 4.

Example 3

Demonstration of the Relationship Between the
Cell Impedance/Resistance, Temperature, and SOC

This information can be used to construct an empirical
look-up table so that the temperature can be quickly deter-
mined once the impedance and SOC are known.

A 1.5 Ah, cylindrical commercially available Sanyo cell
186350 15 composed of NiCoMn-based composite (LiMn,,
3N1, ,,Co,,,+L1Mn,O,) positive electrode and a graphite
negative electrode. AC electrochemical impedance spectra
(EIS) are acquired with a Solartron Electrochemical Inter-
face 1260 coupled with a Solartron frequency response
analyzer 1255. The EIS measurements are carried out 1n a
frequency range between 0.01 to 100 kHz (0.01 to 1 Hz) and
an AC amplitude of 0.5 mV.

FIG. 5 shows impedance spectra from the cell tested at
different SOC (10%, 30%, 50%, 70%, and 90%) and various
temperatures (10° C., 25° C., and 40° C.). Note that in FIG.
5, each temperature label applies to five curves of varying
SOC, 1.e. there are three sets of impedance spectra for 10°
C., 25° C,, and 40° C. The figure demonstrates that the
impedance spectrum of the battery has strong temperature
dependence. It also indicates that the impedance increases
with decreasing SOC. Therefore, building a two-parameter
(temperature and SOC) look-up table 1s important to accu-
rately assess the temperature.

FIG. 6 shows temperature-dependent impedance spectra
(Nyquist plot) of the cell measured at different temperatures

(0° C., 10° C., 25° C., and 40° C.) at a fixed state-of-charge
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of 70%. The figure demonstrates that at a fixed SOC, the
impedance spectrum of a battery exhibits clear temperature
dependence. As the temperature decreases, the impedance of
the battery increases and the trend 1s monotonic 1n nature.

FIG. 7 shows a Bode plot of FIG. 6A to illustrate the
impedance and phase angle as a function of frequency at
different temperatures. Within a frequency range of 0.1 to 1
Hz, the capacitance contribution 1s minimal (phase angle 1s
close to 0). This 1s a preferred frequency range for probing
the cell resistance.

FIGS. 8-11 show the resistance-temperature relationship

for a cell at different SOC (10% 1n FIG. 8, 30% in FIG. 9,
50% 1n F1G. 10, 70% 1n FI1G. 11) at 1 Hz. These data can be
used to construct a look-up table. Once the resistance of a
cell 1s known, the temperature of the cell can be extracted
from the predetermined resistance-temperature information
shown here.

Example 4

Demonstration that the DC (Current/Voltage) Pulse
Method can be Used to Obtain

Resistance/Impedance Data

This 1s a preferred method for on-board applications
where AC impedance measurements are not available.

FIG. 12 shows a current pulse used to probe the imped-
ance and SOC of a cell. The amplitude 1, of the current 1s
typically 1n the range of 1C to 3C. 1C is the current require
to charge (or discharge) the cell in 1 hr ({for example, 11 the
battery 1s 5 Ah, then the 1C rate current means 5 A, and 5C
means 25 A). The duration of the charge/discharge pulses
(At,) 1s typically chosen to correlate with the frequency
range of interest; the pulse used here 1s 10 s. The interval T
between the two pulses determines the relaxation time of the
terminal voltage to the open circuit voltage; the interval used
here 1s 100 s.

FIG. 13 shows impedance spectra determined using the
impulse response method (DC pulse) using a Hitachi 2nd
generation battery (Hitachi Automotive Products, #A23-
06H040G06, 3.6 Ah, cylindrically packed, LiMn, ;Ni, ;
Co,,5). The current profile depicted 1n FIG. 12 1s used as a
driving profile to drive the battery.

Experiments are conducted at four different initial SOCs
and at five diflerent temperatures. For each experiment, the
battery 1s 1mitially set at the defined SOC at room tempera-
ture, and then rested inside a thermal chamber for an hour
under the defined temperature before cycling. The impulse-
response method regresses the impedance spectrum 1n real
time, based on the battery terminal current and voltage data.

FIG. 14 depicts the impedance spectra (Nyquist plots) at
five different temperatures with the same 1nitial SOC (70%).
FIG. 15 depicts the impedance spectra (Nyquist plots) at
four different initial SOCs at 10° C.

Example 5

Proof-of-Concept Demonstration of Internal

Temperature Probing of a Commercial Battery
Using the DC Current Pulse Method

FIG. 16 1s an example of a current pulse used to drive a
commercial cell (left side) and the measured terminal volt-
age (right side of FIG. 16). The cell 1s a Sanyo 1.5 Ah cell,
composed of NiCoMn-based composite, LiMn, N1,
Co,,,+L1Mn,O, positive electrode and graphite negative
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clectrode. The current 1s 4.5C, with a pulse width At of 1 s,
and a pulse interval T of 10 sec. The battery 1s 1nitially set
at 70% SOC.

FIGS. 16-18 show a denivation of the impedance spec-
trum, based on which temperature 1s referred. The plot in the
upper part of FIG. 16 shows the impulse response function
H(t), while the plot in the lower part of FIG. 16 shows V__
vs. time. Both are outputs of the impulse response method.
Plots 1n FIG. 17 show the impedance vs. frequency (top),
and the phase vs. frequency (bottom). Both are the product
of the Fourier transform of H(t). FIG. 18 1s a plot of the
impedance 1n the Nyquist format. Using the amplitude of the
impedance at 1 Hz (0.0335€2), and the SOC value (70%), we
can easily deduce the temperature of the battery to be about
23° C. from the look-up table plotted 1n FIG. 11.

There are a wide variety of practical and commercial uses
for the present invention. It can be valuable to be able to
probe the mternal temperature, without any auxiliary
devices, of a wide varniety of electrochemical systems. This
invention has many commercial applications where battery
safety and battery management systems are important.
Direct sensing ol the battery temperature can greatly
improve the battery safety and enhance the accuracy and
reliability of battery management, especially for automo-
biles, aircrafts, satellites airplanes, and consumer portable
electronics, for example. This also translates to a reduced
warranty risk and maintenance costs.

In this detailed description, reference has been made to
multiple embodiments and to the accompanying drawings in
which are shown by way of 1illustration specific exemplary
embodiments of the invention. These embodiments are
described 1n suflicient detail to enable those skilled in the art
to practice the invention, and it 1s to be understood that
modifications to the various disclosed embodiments may be
made by a skilled artisan.

Where methods and steps described above indicate certain
events occurring in certain order, those of ordinary skill 1n
the art will recognize that the ordering of certain steps may
be modified and that such modifications are 1n accordance
with the vanations of the invention. Additionally, certain
steps may be performed concurrently 1n a parallel process
when possible, as well as performed sequentially.

All publications, patents, and patent applications cited 1n
this specification are herein incorporated by reference in
their entirety as 1f each publication, patent, or patent appli-
cation were specifically and individually put forth herein.

The embodiments, variations, and figures described above
should provide an 1ndication of the utility and versatility of
the present mvention. Other embodiments that do not pro-
vide all of the features and advantages set forth herein may
also be utilized, without departing from the spirit and scope
of the present invention. Such modifications and variations
are considered to be within the scope of the invention
defined by the claims.

What 1s claimed 1s:

1. A method of estimating the mternal temperature of an
clectrochemical device, said method comprising:

(a) exciting said electrochemical device with a driving

profile;

(b) acquiring voltage and current data from said electro-

chemical device, 1n response to said driving profile;

(c) calculating an 1impulse response from said current and

voltage data and time derivatives thereof, using a
recursive or matrix-based technique;

(d) calculating an 1impedance spectrum of said electro-

chemical device from said impulse response using an
impulse response model;
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(¢) calculating a state-of-charge of said electrochemical
device;

(1) estimating an internal temperature ol said electro-
chemical device based on a temperature-impedance-
state-of-charge relationship characterizing said electro-
chemical device; and

(g) managing said electrochemical device by adjusting
clectrical current and/or voltage to or from said elec-
trochemical device 1n response to said internal tem-
perature.

2. The method of claim 1, wherein said driving profile
includes a plurality of double-pulse sequences, wherein each
of said double-pulse sequences comprises a constant-current
discharge pulse having a pulse width and a pulse amplitude,
a constant-current charge pulse having said pulse width and
said pulse amplitude, and a zero-current period.

3. The method of claim 1, wheremn step (c¢) utilizes a
Kalman filtering technique.

4. The method of claam 1, wherein said recursive or
matrix-based method utilizes a moving window to update
time-varying electrical responses.

5. The method of claim 1, wherein said impulse response
model 1s a finite impulse response digital filter or an 1nfinite
impulse response digital filter.

6. The method of claim 1, wherein said impedance

spectrum 1n step (d) 1s calculated 1 a frequency range of
0.01 Hz to 1000 Hz.

7. The method of claim 6, wherein said frequency range
1s 0.1 Hz to 1 Hz.

8. The method of claim 1, wherein step (e) comprises
calculating the Fournier transform of said impulse response to
obtain said state-oi-charge.

9. The method of claim 1, wherein step (e) comprises
calculating said state-of-charge based on an 1nitial open-
circuit voltage and Coulomb counting.

10. The method of claim 1, wherein said temperature-
impedance-state-of-charge relationship 1s in the form of an
empirical look-up table or graph that is applicable to said
clectrochemical device or a theoretical equation correlating
impedance with temperature and state-of-charge.

11. The method of claim 1, wherein said method 1s
implemented 1n a temperature safety device within a tem-
perature range selected from -30° C. to 120° C.

12. The method of claim 1, said method further compris-
ing repeating steps (a)-(g) continually or periodically during
operation of said electrochemical device.

13. A temperature-sensing apparatus for estimating the
internal temperature of an electrochemical device, wherein
said temperature-sensing apparatus 1s a temperature safety
device within a temperature range selected from -30° C. to
120° C., and wherein said apparatus comprises a computer
that 1s electrically linkable to said electrochemical device;
saild computer programmed using non-transitory memory
with executable code for executing the steps of:

(a) exciting said electrochemical device with a dniving

profile;

(b) acquiring voltage and current data from said electro-
chemical device, 1n response to said driving profile;

(¢) calculating an 1impulse response from said current and
voltage data and time derivatives thereof, using a
recursive or matrix-based technique;

(d) calculating an impedance spectrum of said electro-
chemical device from said impulse response using an
impulse response model;

(e) calculating a state-oif-charge of said electrochemical
device;
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(I) estimating an internal temperature of said electro-
chemical device based on a temperature-impedance-
state-of-charge relationship characterizing said electro-
chemical device; and

(g) managing said electrochemical device by adjusting
clectrical current and/or voltage to or from said elec-
trochemical device in response to said internal tem-
perature.

14. A temperature-monitored electrochemical system
comprising said temperature-sensing apparatus of claim 13,
wherein said temperature-sensing apparatus 1s electrically
linked to said electrochemical device.

15. The temperature-monitored electrochemical system of
claim 14, wherein said electrochemical device 1s selected
from the group consisting of a battery, a fuel cell, an
clectrolytic cell, a capacitor, a supercapacitor, a pseudoca-
pacitor, an electroplating system, and a galvanic corrosion
system.

16. The temperature-monitored electrochemical system of
claim 14, wherein said driving profile includes a plurality of
double-pulse sequences, wherein each of said double-pulse
sequences comprises a constant-current discharge pulse hav-
ing a pulse width and a pulse amplitude, a constant-current
charge pulse having said pulse width and said pulse ampli-
tude, and a zero-current period.

17. The temperature-monitored electrochemical system of
claim 14, wherein step (¢) utilizes a Kalman filtering tech-
nique.
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18. The temperature-monitored electrochemical system of
claim 14, wherein said recursive or matrix-based technique
utilizes a moving window to update time-varying electrical
responses.

19. The temperature-monitored electrochemical system of
claim 14, wherein said impulse response model 1s a finite
impulse response digital filter or an infinite impulse response
digital filter.

20. The temperature-monitored electrochemical system of
claiam 14, wherein said impedance spectrum 1n step (d) 1s
estimated 1n a frequency range of 0.01 Hz to 1000 Hz.

21. The temperature-monitored electrochemical system of
claim 20, wherein said frequency range 1s 0.1 Hz to 1 Hz.

22. The temperature-monitored electrochemical system of
claim 14, wherein step (e€) comprises calculating the Fourier
transform of said impulse response to obtain said state-oi-
charge.

23. The temperature-monitored electrochemical system of
claim 14, wherein step (e¢) comprises calculating said state-
of-charge based on an 1nitial open-circuit voltage and Cou-
lomb counting.

24. The temperature-monitored electrochemical system of
claiam 14, wherein said temperature-impedance-state-oi-
charge relationship 1s 1n the form of an empirical look-up
table or graph that 1s applicable to said electrochemical
device or a theoretical equation correlating impedance with
temperature and state-of-charge.
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